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1. Introduction 
Helical carbon nanofibre (HCNF) is spiral-shaped carbon nanofibre (CNF) with coil and 
fibre diameters in the range of 20—1000 nm and 5—400 nm, respectively. The unique 
three-dimensional structure of HCNFs induces a lot of researches to apply HNCFs to 
electrical and electronic engineering as well as mechanical engineering. Carbon 
nanotubes (CNTs) were first discovered in the soot produced by an arc discharge and 
laser ablation has been one of the most reliable methods to prepare high-quality CNTs. 
On the other hand, HCNFs has been almost entirely grown by chemical vapour 
deposition (CVD) using hydrocarbon feedstock gases. In this chapter, we describe the 
history, classification, synthesis, and application of HCNFs. We mainly introduce our 
research results including the latest topics, comparing with the other group’s work. The 
problems that still remain in the CVD growth and the future researches of HCNFs we 
intend are also discussed. 
2. History of HCNFs 
In 1953, Davis et al. have found minute vermicular growths of carbon through the 
experimental work on the deposition of carbon in the brickwork of blast furnaces (Davis et 
al., 1953). In 1955, Hofer et al. reported the growth of carbon filaments with fibre diameters 
of 10 to 200 nm. They used the catalytic deposition technique of carbon from carbon 
monoxide by the following disproportionation reaction. 
 2CO → C + CO2 (1) 
At atmosphere pressure, the reaction takes place between 300 and 800°C. They used Ni, Co, 
and Fe as a catalyst and a combustion tube with an electric furnace for the carbon growth. 
Carbon filaments grew on all of the catalysts at 390°C, and the deposits on Fe were single 
solid strands. They also found that the filaments were extended in two directions from 
central catalyst particles (Hofer et al., 1955). 
Boehm intended to find a continuous process of carbon filaments by feeding metal carbonyl 
into a CO stream before it passed a heated tube. He introduced Ni(CO)4- or Fe(CO)5-
containing CO (80%)/H2 (20%) gas mixture into the heated zone of a heat-resistant glass 
tube with an electric furnace at temperatures of 550—770°C. When Fe(CO)5 was used, the 
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usual fibril with twisted strands was grown at 600—650°C. In an electron microscopy 
observation, he found that twisted filaments very often form double or even triple helices 
(Boehm, 1973). 
Though the CO disproportionation reaction is a reliable method to synthesize carbon 
filaments including commercially-available CNTs (http://www.unidym.com/), it is highly 
deleterious in several industrial processes (Hofer et al., 1955). Baker et al. developed the 
catalytic decomposition of C2H2 gas over catalyst surfaces and studied the effect of Sn on the 
growth of filaments from the Fe/C2H2 system. In this system, significant deposit growth of 
carbon filaments was only observed at temperatures above 800°C with Sn-coated Fe foils in 
a 665-Pa C2H2. They found that the filaments were nearly all spirals with a constant pitch 
and the Fe/Sn alloy worked to form spiral filaments. On pure iron, deposits grew at 
temperatures as low as 650°C; however, it became autolytically poisoned after a few 
minutes. The growth still continued on Fe/Sn after more than 2 h, and poisoning was never 
observed (Baker et al., 1975). 
Motojima et al. have grown regularly coiled carbon filaments by the catalytic pyrolysis of 
C2H2 at 350–750°C using Ni plate and powder as a catalyst (Motojima et al., 1990). His group 
also succeeded to grow very regularly coiled spring-like fibres of Si3N4 from a gas mixture 
of Si2Cl6, NH3, and H2 at 1200°C on a graphite substrate on which an iron impurity was 
painted (Motojima et al., 1989). These results show that various types of helical nanofibres 
including HCNFs can be grown if the suitable combination of catalyst and source gas is 
found. 
These findings were published prior to the discovery of multi-walled CNTs (MWCNTs) 
(Iijima, 1991) and single-walled CNTs (SWCNTs), (Iijima & Ichihashi, 1993). CNTs consist of 
concentrically rolled-up graphitic layers and have relatively smaller dimensions than CNFs 
(Saito et al., 1998). CNTs were discovered in the soot produced by an arc discharge, and arc 
discharge and laser ablation of catalyst metals-containing graphite rod have been excellent 
methods to synthesize high-quality SWCNTs (Journet et al., 1997), (Thess et al., 1996). In 
1998, growth of SWCNTs by CVD was successfully realized by Kong et al. (Kong et al., 1998) 
and subsequently CVD has become a dominant technique in the CNT research and 
development. Concurrently with the development of SWCNT synthesis by CVD, very thin 
HCNF which has a hollow structure with several concentric graphitic layers were formed by 
Ivanov et al. (Ivanov et al., 1994). This structure is called multi-walled carbon nanocoil 
(MWCNC) and described in Section 7. 
Zhang of the Prof. Nakayama’s group intended to fabricate HCNFs in high yield and tried 
to deposit Fe on indium-tin-oxide (ITO) substrate instead of Fe/Sn system. They 
successfully grew HCNFs using C2H2/He gas mixture at 700°C. It is noted that more than 
95% of carbon deposits grew helically on the ITO substrate (Zhang et al., 2000). 
Takikawa et al. used a hot-filament CVD apparatus to enhance the carbon deposition 
efficiency and to lower growth temperature (550—600°C), Cu as a substrate, and C2H4 as a 
carbon feedstock gas. HCNF with an inner diameter (called carbon nanocoil, CNC) grew on 
Ni-coated Cu substrate at 550°C, and HCNF without an inner diameter (called carbon 
nanotwist, CNTw) grew on Zn-coated Cu substrate at 600°C. It was the first time that Zn (or 
ZnOx) was found to be a possible catalyst for HCNFs growth (Takikawa et al., 2000). 
Hereafter, a lot of catalyst combinations for the growth of HCNFs have been reported, as 
explained in Section 4.3. 
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3. Classification 
Figure 1 shows scanning electron microscopy (SEM) micrographs of HCNFs. HCNFs can be 
categorized into three types by the inner diameter and fibre cross section: (1) carbon 
nanocoil (CNC) which has a spiral spring shape with an inner diameter; (2) carbon 
nanotwist (CNTw) which has a twisted shape without an inner diameter; and (3) multi-
walled carbon nanocoil (MWCNC) whose diameter is typically smaller than 50 nm with a 
hollow structure of concentric graphitic layers. Both CNTw and CNC have angular and 
round types. MWCNC is typically the round type. 
See more information about the classifications of HCNFs, carbon microcoil (CMC) which 
has a coil diameter ≥ 1 μm, and coiled CNT in the following review papers (Motojima & 
Chen 2004), (Hanus & Harris 2010). 
4. Experimental 
4.1 CVD apparatus for HCNF growth 
Here we introduce a CVD apparatus for HCNF growth in our laboratory. The apparatus 
consist of a quartz tube (45 mm inner diameter and 500 mm long), an electric furnace, and 
gas supply system. The quartz tube and electric furnace are horizontally arranged. Catalyst 
for HCNF growth, which is deposited on substrate or supported on mesoporous materials is 
placed in the centre of the quartz tube and heated up to a desired temperature (typically ≤ 
800°C) under the flow of dilute gas (He or N2). Hydrocarbon feedstock gas (C2H2 or C2H4) is 
added to the dilute gas when HCNF is grown. Flow rates of the gases are controlled with a 
mass flow controller. The exhaust gas through the quartz tube is firstly collected into the 
bubbler tube and then evacuated. 
 
 
 
Fig. 1. SEM micrographs of HCNFs. Scale bar: 500 nm. 
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4.2 Development of automatic CVD system for mass production 
Based on the experimental results of HCNF growth using the CVD apparatus, Prof. 
Takikawa developed an automatic CVD system with a consecutive substrate transfer 
mechanism for mass production of HCNFs (Hosokawa et al., 2007). Schematic of the CVD 
system is shown in Figure 2. The system is composed of substrate loading chamber, transfer 
chamber, process reactor with electric furnace, and cooling chamber. Two gate valves 
separate the loading, transfer, and cooling chambers. No separation exists between the 
transfer chamber and the process reactor. All chambers are made of stainless steel, except a 
perpendicularly placed process reactor (quartz tube, 94 mm inner diameter). A substrate 
cassette containing up to 8 substrates of 70 mm in diameter is placed in the loading 
chamber. Each substrate is then transferred from the cassette to the process reactor by the 
cassette-elevator robot-arm, horizontal robot-arm, and vertical robot-arm. After the reaction, 
the substrate is transferred to the cooling stage in the cooling chamber. The cooling stage has 
a rotary actuator, and the substrate is dropped to the bottom of the collection pot after 
sufficient cooling. This procedure is controlled by a sequencer, and the substrates are one by 
one transferred and treated while keeping the furnace temperature in the process condition. 
4.3 Catalyst preparation 
In CVD process, catalyst is needed to synthesis carbon nanomaterials including CNFs, 
HCNFs, CNTs, and graphene. (Jong & Geus 2000), (Motojima & Chen 2004), (Hanus & 
Harris 2010), (Kumar & Ando 2010), (Yu et al., 2008) Multi-walled CNTs and carbon 
nanoparticles can be formed from vaporised carbon in arc discharge or laser ablation. Metals 
that dissolve carbon are usually used as a catalyst of carbon nanomaterials. As stated in 
Section 2, Baker found the effect of binary-catalyst on HCNF growth, and then various 
combinations of binary-catalysts for HCNF growth have been found, e.g. Fe/ITO (Zhang et 
al., 2000), Fe/SnO2 (Chen et al., 2004), (Xu et al., 2005), Fe/Sn (Hokshin et al., 2007), Fe-based  
 
 
Fig. 2. Schematic diagram of automatic CVD system with a consecutive substrate transfer 
mechanism. (Hosokawa et al., 2007) 
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alloys (Fe-Cr-Mn-Mo, Fe-Cr-Ni-Mo (SUS513), Fe-Ni-Cr-Mo-Mn-Sn) (Yang et al., 2004), (Yang 
et al., 2005), Ni/SnO2 (Hosokawa et al., 2007), Ni/Sn (Yokota et al., 2010), Cu-(Ni, Cr, Ti or 
Zn) (Takikawa et al., 2000), and Ni/Cu (Katsumata et al., 2004). 
According to our experimental results, it is possible to grow CNC and CNTw selectively by 
the combination of binary catalyst; CNC is synthesized by Fe-based catalyst, and CNTw 
synthesized by Ni-based catalyst. In this chapter, the results of HCNF growths by Fe/Sn 
and Ni/Sn catalysts are mainly introduced. Fe and Ni are well-known to dissolve carbon, 
whereas Sn cannot dissolve carbon. 
4.4 HCNF growth conditions 
The CVD conditions used in our study are listed in Table 1. It does not make much sense to 
determine “the best” condition because CVD condition strongly depends on CVD 
apparatus, dimension of the chamber and type and amount of the catalysts. Here we 
introduce commonly-used CVD conditions. The feedstock gas mainly used was C2H2 and 
diluted with He or N2 gas. The temperature range was broad, 400—800ºC because catalytic 
decomposition of C2H2 takes place even below 400ºC. Optimum temperatures for the 
growth of CNC and CNTw were determined through the number of growth experiments 
using our apparatus. The reaction time was set to mostly 10 min. During this time period, 
growth of CNF is constant. Various types of catalysts were tried and their results were 
described in each section. 
 
Feedstock gas 
(flow rate) 
Dilute gas 
(flow rate) 
Temp. Reaction time 
C2H2 (50—350 ml/min) 
He (400—1000 ml/min)
N2 (1000—1400 ml/min)
400—800ºC 10—30 min 
Catalyst Substrate Reference 
Ni, Zn Cu Takikawa et al., 2000 
Ni/Cu, NiO/CuO Quartz Katsumata et al., 2004 
Fe/SnO2 Quartz Xu et al., 2005 
Ni/SnO2 Graphite 
Hosokawa et al., 2007 
Hosokawa et al., 2008 
Fe/Sn, Ni/Sn Graphite Yokota et al., 2010 
Fe/Sn Zeolite Yokota et al., 2011 
Table 1. CVD conditions for HCNF growth. 
4.5 Characterisation 
After the reaction, the carbon deposit was weighed using an analytical balance. For the as-
grown carbon deposit mixed with the catalyst, the carbon deposition rate was calculated as 
follows: 
 Deposition rate of carbon = {(Wtot—Wcat)/Wcat}/time (2) 
where Wtot is the total weight of the catalyst and the carbon deposit, Wcat is the weight of the 
catalyst, and time is the duration of C2H2 introduction. Therefore, the deposition rate reveals 
the carbon yield per unit weight of the catalyst per unit time. 
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The carbon deposit was observed using a field emission scanning electron microscope (FE-
SEM) (S-4500II, Hitachi), an energy dispersive X-ray analyser (EDX) (DX-4, Phillips) and 
transmission electron microscopes (TEM) (JEM-2010 and JEM-2100F, JEOL). The deposit was 
then evaluated based on its HCNF purity estimated from several visual fields in the SEM 
micrographs. The fibre diameters, the coil diameters and the coil pitches of HCNFs were 
also measured on the SEM micrographs. 
The field emission properties of HCNFs were measured in a vacuum chamber and the 
apparatus used is described in Section 8. 
5. Quantity synthesis of HCNFs 
5.1 Parametric study on growth of carbon nanocoil 
5.1.1 Effects of catalyst composition 
In order to determine the optimum composition of the Fe/Sn catalyst, the Fe percentage 
over the total weight of Fe and SnO2 was adjusted from 0 to 100% at steps of 10%. The 
catalytic performance of every combination was evaluated based on the deposition rate and 
the SEM micrograph of carbon deposits under identical conditions. The reaction was carried 
out at 700ºC for 10 min with flow rates of C2H2 and He at 180 and 420 ml/min, respectively. 
Figure 3 shows that the carbon deposition rate increases with the Fe percentage. There are no 
significant depositions on pure Fe and pure SnO2. With the catalysts having Fe percentages 
between 60 and 90%, carbon deposition rates saturate to approximately 4 min—1. This means 
that 40 times of carbon materials were deposited on one portion of catalyst in 10 min under the 
given process conditions. 
 
 
Fig. 3. Deposition rates of carbon materials on the composition of the catalyst. Pyrolysis of 
C2H2 was carried out on 10 mg mixture of Fe and SnO2 at 700ºC for 10 min with the flow 
rates of C2H2 and He gases of 180 and 420 ml/min, respectively. (Xu et al., 2005) 
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Figure 4 shows SEM micrographs of carbon materials deposited on catalysts of various 
compositions. On the catalyst with 20% Fe, as shown in (a), no significant carbon deposition 
can be observed. On the catalysts with 40%, 50%, and 60% Fe in (b), (c), and (d), respectively, 
twisted fibres dominate the visual fields of the micrographs. On the catalysts of 67% (e), 70% 
(f), and 80% (g) Fe, CNCs are found to be the main components of the deposits, the fibre 
diameters of the CNCs grown from the catalyst with 67% Fe are distributed from 50 nm to 
300 nm. CNC percentages lessen with further increase of the Fe ratio, and CNCs can rarely 
be found among the short fibres grown from the catalyst with 90% Fe. From the 
micrographs, we also notice that fibre diameters tend to become smaller with increasing 
SnO2 ratio. These results reveal that CNC selectivity is solely dependent on catalyst 
composition and that the optimum combination of the catalyst with high CNC selectivity as 
well as carbon deposition activity lies within a rather narrow range. 
5.1.2 Influences of reaction temperature 
Because the catalyst with 67 wt% Fe in a mixture with SnO2 gave the highest selectivity for 
CNC formation as well as the highest deposition yield under the given experimental 
conditions, it was chosen for the optimisation of reaction temperature from 400 to 800ºC. 
Carbon yield and CNC selectivity at different temperatures were evaluated after a reaction 
of 30% C2H2 in a mixture with He for 10 min. 
Figure 5 presents carbon deposition rates at different reaction temperatures. At 
temperatures below 675ºC, the carbon deposition rate increases with temperature. On the 
contrary, carbon deposition rate decreases with rising temperature > 725ºC. The optimum 
temperatures for obtaining high carbon yields lie in the range between 625 and 725ºC. 
Similar optimum temperatures were also reported for other catalyst systems such as iron 
carbide doped with tin monoxide (Hernadi et al., 2002), Fe-coated ITO (Zhang et al., 2000), 
and Sn-coated Fe foil. (Baker et al., 1975) 
Figure 6 shows SEM micrographs of carbon deposits formed on the catalyst at different 
reaction temperatures. At 500ºC, as shown in (a), small amounts of amorphous carbon are 
observed on the catalyst particles. At 600ºC in (b), carbon nanofibres (CNFs) and CNCs are 
found to be mixed with the amorphous carbon. With increasing reaction temperature, the 
amount of amorphous carbon decreases and CNC selectivity increases steadily until 700ºC. 
Further elevation of the temperature results in the decrease of CNC selectivity and the 
increase of CNF yield. At 700ºC (e), CNCs with a broad coil diameter distributions ranging 
from as thin as 10 nm to as thick as 600 nm are formed at high selectivity. 
These results reveal that CNC selectivity is very sensitive to reaction temperature, and that 
700ºC is the optimum temperature for both CNC selectivity and carbon deposition rate 
under the given experimental conditions. 
5.1.3 Effects of helium gas addition 
To optimise gas composition for CNC formation, the flow rates of He and C2H2 were 
regulated at 400–1000 and 50–300 ml/min, respectively. The catalyst with an Fe percentage 
of 67% and the reaction temperature of 700ºC were fixed for each batch. Carbon yield and 
CNC selectivity at different gas compositions were evaluated after the reaction for 10 min. 
Figure 7 shows the plot of the carbon deposition rate versus the partial pressure of C2H2 gas 
in a mixture with He gas. When the partial pressure of the C2H2 gas rises from 0.1 to 0.2, 
carbon deposition rate attains to a maximum, and decreases with further increase of the 
partial pressure of the C2H2 gas beyond 0.3. The carbon deposition rate maximizes when the 
partial pressure of the C2H2 gas is between 0.2 and 0.3. 
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Fig. 4. SEM micrographs of carbon materials deposited on the catalysts with various weight 
percentage of Fe: (a) 20%, (b) 40%, (c) 50%, (d) 60%, (e) 67%, (f) 70%, (g) 80%, and (h) 100% in 
the mixture with SnO2. The reaction conditions are the same as those in the case of Fig. 3. 
(Xu et al., 2005) 
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Figure 8 shows the dependence of CNC selectivity on the partial pressure of the C2H2 gas in 
the gas mixture with He gas. Although data were greatly scattered, there exists a maximum 
for the selectivity of CNC between 0.16 and 0.24. The average selectivity of CNC obtained 
under these optimum conditions is approximately 55%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Deposition rates of carbon materials at different reaction temperatures. Pyrolysis of 
C2H2 was carried out on 10 mg mixture of Fe and SnO2 of 2 to 1 weight ratio for 10 min with 
the flow rates of C2H2 and He gases of 180 and 420 ml/min, respectively. (Xu et al., 2005) 
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Fig. 6. SEM micrographs of the carbon materials deposited on the catalysts at the 
temperatures of (a) 500ºC, (b) 600ºC, (c) 650ºC, (d) 675ºC, (e) 700ºC, (f) 725ºC, (g) 750ºC, and 
(h) 800ºC. (Xu et al., 2005) 
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Fig. 7. Deposition rates of carbon materials at different reaction temperatures. Pyrolysis of 
C2H2 was carried out on 10 mg mixture of Fe and SnO2 of 2 to 1 weight ratio for 10 min 
with the flow rates of C2H2 and He gases of 180 and 420 ml/min, respectively. (Xu et al., 
2005) 
 
 
Fig. 8. Selectivity of CNCs plotted with partial pressure of C2H2 in a mixture with He gas. 
The process conditions are the same as those in the case of Fig. 7. (Xu et al., 2005) 
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Fig. 9. SEM micrographs of the carbon deposited in C2H2/He gas mixtures of (a) 100/400, 
(b) 100/700, (c) 100/1000, (d) 150/400, (e) 150/700, (f) 150/1000, (g) 300/400, (h) 300/700, 
and (i) 300/1000. The CVD conditions are the same as those in Fig. 7. (Xu et al., 2005) 
 
   
Fig. 10. SEM micrographs of carbon deposits under the optimum condition at (a) low, (b) 
middle and (c) high magnification. (Xu et al., 2005) 
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Figure 9 shows SEM micrographs of carbon deposits at gas compositions of 100 ml/min 
C2H2 gas in the mixture with (a) 400, (b) 700, and (c) 1000 ml/min He, those of carbon 
deposits with 150 ml/min C2H2 gas in the mixture with (d) 400, (e) 700, and (f) 1000 ml/min 
He, and those of carbon deposits with 300 ml/min C2H2 gas in the mixture with (g) 400, (h) 
700, and (i) 1000 ml/min He. Higher CNC selectivity is observed on the diagonal line from 
upper left (a) through (e) to the lower right (i), and their C2H2 gas partial pressures are 0.20, 
0.18, and 0.23, respectively. While keeping the flow of C2H2 gas at 100 ml/min, increasing 
the flow of He gas up to 700 and 1000 ml/min leads to the formation of more fibres and 
tightly compacted CMCs. In the case of the flow of 300 ml/min C2H2 gas and 400 ml/min 
He gas, numerous carbon particles can be observed instead of CNCs, CNFs or CMCs. 
5.1.4 CNCs deposited under optimum conditions 
After systematical optimisation of process conditions to obtain high yield as well as high 
purity of CNC, the best combination is confirmed to be Fe/SnO2 catalyst of 2/1 in weight, 
reaction temperature of 700ºC, and C2H2/He flow of 150/700 ml/min. CNCs deposited 
under optimum conditions were characterised in detail with FE-SEM. 
Under the optimum conditions, the average selectivity of CNCs is approximately 80%, and 
the average deposition rate is approximately 5.5 min—1. Figure 10 shows SEM micrographs 
of CNCs deposited under the optimum condition. From the micrograph with lower 
magnification, CNCs with different pitches and diameters can be observed, the pitches for 
the same coil are almost the same, the axes of CNCs are quite straight, and the longest CNCs 
are over 50 μm. By measuring 200 CNCs in the micrographs, the average pitch and diameter 
of the CNCs are found to be 750 and 750 nm, respectively and the average diameter of CNC 
fibre is estimated to be 350 nm. 
5.2 Parametric study on growth of carbon nanotwist 
In this section, parametric study on growth of carbon nanotwist (CNTw) reported by 
Katsumata et al. is introduced. The CVD apparatus with a NiCr alloy hot-filament was used 
to synthesize CNFs. Two methods were employed for preparing the catalyst-coated 
substrate. The first method was shielded cathodic arc deposition. (Takikawa et al., 1998) 
This method is a type of physical vapour deposition (PVD), in which the ions emitted from 
the cathode spot of vacuum arc discharge plasma are plated on the substrate. The second 
method was the sol-gel drop-coat method. Commercial sol-gel solutions for NiO and CuO 
coating, containing 3 wt% of Ni and Cu, were ultrasonically mixed. Then the mixed solution 
was dropped from a pipette on the substrate and dried at 200ºC on a hot plate. 
5.2.1 Ni/Cu multi-layer PVD-coated film catalyst 
In this experiment, the flow rate of the source gas was 180 ml/min and the process time 
was 20 min. SEM and TEM micrographs of the deposited products under a different gas 
source and with/without hot-filament (HF) assist are shown in Figures 11 and 12, 
respectively. 
When C2H2 gas was used without HF assist, as shown in Figures 11(a) and 12(a), CNC was 
synthesized. When C2H2 gas was used with HF assist, as shown in Figures 11(b) and 12(b), a 
rope-like fibre consisting of two to four fibres twisted together, called carbon nanorope 
(CNR), was synthesized. The CNR always had a catalyst particle at the top of the fibre. The 
TEM micrograph indicated the shape of the comparably fat trunk at the centre with thinner 
skin around the trunk. When C2H4 gas was used without HF assist, cocoon-like products 
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were obtained, as shown in Figure 11(c). When C2H4 gas was used with HF assist, as shown 
in Figures 11(d) and 12(c), CNTw was synthesized. The outer diameters of CNC and CNTw 
were thinner than that of CNR. These results indicate that a Ni/Cu catalyst provides various 
shapes of HCNFs depending on process conditions. 
Figure 13 shows the result of EDX analysis of CNTw. It was found that the major deposition 
material was C, although the catalyst was composed of Ni and Cu, with the amount of Cu in 
the catalyst higher than that of Ni. 
 
 
 
Fig. 11. SEM micrographs of various HCNFs prepared with Ni/Cu multi-layer PVD-coated 
film catalyst. HF: hot-filament assist. (Katsumata et al., 2004) 
 
   
(a) CNC (b) CNR (c) CNTw 
Fig. 12. TEM micrographs of various HCNFs prepared with Ni/Cu multi-layer PVD-coated 
film catalyst. (Katsumata et al., 2004) 
(a) C2H2 gas, without HF 
(carbon nanocoil, CNC) 
(b) C2H2 gas, with HF 
(carbon nanorope, CNR) 
(c) C2H4 gas, without HF (d) C2H4 gas, with HF 
(carbon nanotwist, CNTw) 
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Fig. 13. EDX analysis of CNTw and SEM micrographs of analysis positions. (Katsumata et 
al., 2004). 
5.2.2 Ni/Cu mixture sol-gel film catalyst 
In this experiment, C2H2 gas was used as a carbon feedstock and a hot-filament was not 
used. The deposition time was 10 min. 
Figure 14 shows the dependence of the NiO/CuO ratio on the carbon yield rate processed at 
650ºC with a C2H2 flow rate of 180 ml/min. The range where the HCNF was obtained is 
indicated in the figure. When the amount of NiO was larger than that of CuO, the 
deposition amount was larger, although the product was mostly CNFs without helicity. 
When the NiO amount was lower, the deposition amount was smaller and the product was 
mostly HCNFs. The optimum NiO/CuO composition ratio for HCNF synthesis was in the 
range of 4/6—1/9 and the optimum was 2/8. This ratio is very close to a previous report 
indicating that the ratio of Ni/Cu=3/7 provides the HCNFs in the CVD process with C2H4. 
(Kim et al., 1992) 
Figure 15 shows the temperature dependence of the carbon yield rate. The NiO/CuO ratio 
was 2/8. When the temperature was 500—600ºC, which was the optimum, the HCNF product 
yield as well as the carbon yield rate was high, and the fibre diameter was 80—100 nm. When 
the temperature was higher than 600ºC, the carbon yield was lower, the HCNF yield was low, 
and the HCNFs were thick (200—300 nm diameter). When the temperature was lower than 
500ºC, the carbon yield was lower and the HCNF yield was low. The temperature obtained in 
the present work was lower than the optimum temperature of 600—700ºC for Ni/Cu catalyst 
and C2H4 feedstock gas. (Kim et al., 1992) This implies that C2H2, which is readily to thermally 
decomposed, is adequate for the lower temperature process. 
The influence of the flow rate of the C2H2 source gas on the carbon yield rate is shown in 
Figure 16. When the C2H2 gas flow rate was lower than 100 ml/min, carbon yield was low and 
the product was a CNF without helicity. When the flow rate was 125—180 ml/min, the HCNF 
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yield as well as the carbon yield rate was high. When the flow rate was higher, the carbon 
yield was also high though a HCNF was not obtained. In this experiment, most HCNFs grown 
were CNTw. Figure 17 is a micrograph of CNTws prepared in the optimum condition. 
 
 
Fig. 14. Dependence of NiO/CuO catalyst composition rate on carbon yield rate. Process 
temeperature, 650ºC; C2H2 flow rate, 180 ml/min. (Katsumata et al., 2004) 
 
 
Fig. 15. Dependence of process temperature on carbon yield rate. NiO/CuO ratio, 2/8; C2H2 
flow rate, 180 ml/min. (Katsumata et al., 2004) 
 
 
Fig. 16. Dependence of source gas flow rate on carbon yield rate. NiO/CuO ratio, 2/8; 
process temperature, 550ºC. (Katsumata et al., 2004) 
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Fig. 17. CNTw obtained at optimum conditions. NiO/CuO ratio, 2/8; process temperature, 
550ºC; C2H2 flow rate, 160 ml/min. (Katsumata et al., 2004) 
5.3 Increase of the CNTw production rate by an automatic CVD system 
In this section, the results by an automatic CVD system that the production rate of CNTw 
increased up to 5400 times, compared with the conventional CVD system are shown. 
(Hosokawa et al., 2007) The automatic CVD system is described in detail in Section 4.2. The 
detail of CNTw growth conditions is indicated in each of the figure caption. 
The synthesized carbon nanomaterials were observed by a compact digital camera and an 
FE-SEM, as shown in Figure 18. In case of the direct film-growth CNTw on Ti-coated glass, 
the CNTw yield in carbonaceous product was almost 100%, and no other shape of 
carbonaceous material was found. The overview morphology of the film was quite uniform. 
The weight of the catalyst coated on the substrate was 0.7mg. The film thickness was 
approximately 4 μm for 30-minute process time. The weight of the film was 1.3 mg, 
evaluated from the weight change of the substrate before and after CNTw growth. Thus, the 
 
 
Fig. 18. Photograph and SEM micrograph of CNTw. (a) Direct film-growth of CNTw on Ti-
coated glass substrate. Ni/Cu/In2O3 catalyst was used. The flow rates of C2H2: 80 ml/min; He: 
420 ml/min; reaction temperature: 470°C. (b) Powdery CNTw synthesized in automatic CVD 
system on graphite substrate. Ni/SnO2 catalyst was used. The flow rates of C2H2: 350 ml/min; 
N2: 1400 ml/min; reaction temperature: 470°C. Upper left, overall view; upper right, high-
magnification SEM; lower, low-magnification SEM, respectively. (Hosokawa et al., 2007) 
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 synthesis ratio of CNTw against the catalyst in weight, indicating the production efficiency 
on catalyst, was approximately 1.9, and the production rate was approximately 0.5 mg/h. 
As shown in Figure 18(b), the product of CNTw synthesized from Ni/SnO2 catalyst formed 
a softly-swollen dome shape on the substrate. So far, when 8 substrates were consecutively 
processed, approximately 6 g of CNTw was produced in 3 hours. In average, 900 mg CNTw 
was produced on 1 substrate by 36 mg of catalyst. Thus, the production rate was 
approximately 2,700 mg/h, and productivity of powdery CNTw was 5,400 times, compared 
with direct film-growth. The grown CNTw was easily scraped off the substrate and the 
powdery form CNTw was obtained. Yield of CNTw shape material in the carbonaceous 
product was almost 100%. The synthesis ratio of CNTw against the catalyst in weight was 
approximately 25. The fibre diameter of powdery CNTw was found to be thinner (average 
90 nm) than that of the direct film growth CNTw (average 150 nm). 
6. Analyses of HCNFs structure and their growth mechanism 
6.1 Splitting and flattening of HCNFs 
In this section, the experimental result that CNC was found to show a drastic shape 
change, splitting and flattening when HCNFs were acidified in a 30% hydrogen peroxide 
solution. (Yokota et al., 2010) The HCNF growth condition is indicated in each of the 
figure caption. 
6.1.1 Experimental details 
HCNFs were prepared with a CVD system, as previously reported. (Takikawa et al., 2000), 
(Katsumata et al., 2004) The substrate was a graphite plate (25×25 mm, thickness 3 mm) 
placed at the reactor centre. A liquid-state mixed catalyst was dropped on to the substrate, 
then dried to solidify at 200ºC for 10 min in air and the Fe/Sn or Ni/Sn catalyst was formed. 
The source gas used was C2H2 (150 ml/min) and the dilute gas was N2 (1000 ml/min). The 
other conditions were as follows: the reaction temperature was 700ºC (Xu et al., 2005) using 
the Fe/Sn catalyst for CNC synthesis and 550ºC using the Ni/Sn catalyst for CNTw 
synthesis. The growth time was 10 min for each reaction. 
50 mg of as-prepared HCNF was treated in a flask with 10 ml of a 30% hydrogen peroxide 
solution under reflux. The treatment temperature was varied from 20 to 200ºC for 1 h. The 
treatment time was 30–150 min at 100ºC and 15–90 min at 140ºC. After the treatment, the 
acid-treated HCNF was extracted from the solution by suction filtration and subsequently 
dried at 120ºC for 1 h on a hotplate. 
6.1.2 Synthesis of HCNFs acid-treated 
Figure 19 shows the surface images of as-prepared CNCs and CNTws. By careful 
observation, as-prepared CNCs and CNTws were found to be categorized into angular- and 
round-types according to their fibre cross-sections (see Figure 1). The Ni–Sn catalyzed 
reaction produces only the round-type CNTw. However, the Fe–Sn catalyzed reaction 
produces the other three types simultaneously; round and angular-type CNCs and the 
angular-type CNTw. The typical yield of CNCs in the products prepared using the Fe–Sn 
catalyst was 30–40% as determined from the SEM observations. The content ratio of HCNFs 
was > 90%, < 10% and < 1% for the angular-type CNCs, angular-type CNTws and round 
type CNCs, respectively. 
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6.1.3 Acid treatment results 
SEM micrographs of the four types of CNCs and CNTws after acid treatment are shown in 
Figure 20. The shape of the angular-type CNC was found to change dramatically. While the 
angular-type CNC was split and flattened, the round-type CNC was also split but not 
significantly flattened. As for the angular-type CNTw, the fibre surface was slightly edged. 
The shape of the round-type CNTw was unaffected by the treatment. 
The weight loss and shape change of CNCs by acid treatment for 1 h were evaluated. 
(Yokota et al., 2010) The weight decreased as the temperature was increased. Furthermore, 
the weight decreased dramatically at 80–120ºC. The weight loss was due to the carbon 
oxidation reaction. The release of carbon dioxide was confirmed by the observation that 
limewater became cloudy by the gas generated during the acid treatment. Therefore, these 
results indicate that etching of CNCs and dissolution of amorphous carbon progressed 
when the oxidation reaction proceeded at temperatures above 80ºC. The saturation of 
weight loss was observed over 140ºC and this was caused by the boiling of the hydrogen 
peroxide solution (i.e., boiling point of 141ºC). The CNC shape did not change between 20 
and 60ºC. CNCs were split into a few pieces over 100ºC. The weight loss as a function of 
treatment time for reaction temperatures of 100 and 140ºC was also evaluated. (Yokota et al., 
2010) As the treatment time increased, the shape change became significant. The weight loss 
reached saturation at 100ºC when the reaction time was > 120 min, whereas at 140ºC, 
saturation was reached after 45 min. At saturation, the weight difference due to the different 
temperatures was ~48% at 100ºC and ~38% at 140ºC. 
 
 
 
 
Fig. 19. Images of as-grown HCNFs synthesized by CVD. (a) CNCs using the Fe/Sn catalyst 
and (b) CNTws using the Fe/Sn catalyst. 
10 mm 
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Fig. 20. SEM micrographs of four types of HCNFs after the acid treatment. 
 
 
Fig. 21. SEM micrograph of CNC by the FE-SEM with a low acceleration voltage. Courtesy 
of Dr. Hamanaka at JFCC. 
As previously described, the structures of most HCNFs prepared with an Fe-based catalyst 
are not uniform in the radial direction of the fibre. (Chen et al., 2004), (Xu et al., 2005), 
(Zhang et al., 2000), (Pan et al., 2002), (Yang et al., 2005) In other words, there are high and 
low density regions inside the fibre. Figure 21 shows a micrograph of angular-type CNC by 
the FE-SEM with a low acceleration voltage. Difference in the surface structure of CNC is 
clearly observed. This non-uniformity continues along the length of the fibre. The low 
density part, which is bonded to the high density parts, is considered to initially dissolve by 
acid treatment while the high density parts remain and appear as flattened CNCs. 
6.2 Analysis of the CNC structure by 3D-TEM 
To analyse the CNC structure, electron tomography of the as-grown and acid-treated CNCs 
was obtained using a TEM tomography system (JEOL, TEMography). (Yokota et al., 2010) 
The TEM images of the samples were serially recorded at tilt angles from 60 to −60º degrees 
with a 1º step size (i.e., total of 120 images). The CNC position in each image was aligned 
precisely. 
Figure 22 shows a TEM micrograph of CNC before acid treatment. The transmission image 
of an as-grown CNC showed contrasting density in the fibre. In contrast, the flattened CNC 
after acid treatment showed a uniform contrast. An SEM observation showed that the 
Angular type 
CNC  CNTw 
Round type 
CNC  CNTw 
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number of the fibres after acid treatment was dependent on the CNC shape. Figure 23 
shows that the CNC split into three fibres. 
The 3D image of CNCs was taken by electron tomography. The cross-sectional image 
showed that there is a shadow present inside the CNCs. This shadow was seen from the 
images sliced in the x, y and z directions. This shadow indicates the existence of a cavity 
inside the CNC. These results show that the structure of the CNC has a hollow centre. The 
flattened CNC after acid treatment showed that three helical fibres were in parallel. The 
cross-sectional observation showed that each fibre was separated and their diameter was 
approximately a quarter of the as-grown CNC. 
 
 
Fig. 22. TEM micrograph of as-grown CNC. 
 
 
Fig. 23. The CNC splits into three fibres. 
6.3 HCNFs growth mechanism 
6.3.1 General mechanism for growth of carbon fibres 
Baker et al. postulated a bulk-diffusion model of carbon through catalyst particles. (Baker et 
al., 1972) In this mechanism, hydrocarbon gas decomposes on exposed surfaces of catalyst 
particles into hydrogen and carbon. Because this reaction is exothermic, a temperature 
gradient is believed to exist through a catalyst particle. The dissociated carbon dissolves into 
the surface of the heated catalyst particle and diffuses to its cold tail. Since the solubility of 
carbon in a catalyst particle is temperature dependent, excess carbon precipitates out to 
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form carbon filaments with the same diameter as that of the catalyst particle. The bulk 
diffusion is believed to be the limiting step of the process. 
Another model of CNF formation has been demonstrated by Rodriguez et al. (Rodriguez, 
1993), (Rodriguez et al., 1995) In this model, catalyst particles are characterised as tiny 
crystals with various facets. Hydrocarbon decomposes at one face, and carbon in the form of 
a graphite layer precipitates at another face. Catalyst composition and crystallinity dominate 
the structure of deposited fibres. For example, herringbone structure was formed from Fe–
Cu (7/3) catalyst in C2H4–H2 (4/1) gas mixture, whereas the stacked structure was 
predominant due to the reaction of CO–H2 (4/1) on Fe-based catalyst. Hydrogen is 
important in CNF formation, because it acts as the terminator of dangling bonds at edges of 
stacked graphite platelets. (Nolan et al., 1995) The concept of a spatial velocity was 
introduced to explain the growth of wavy and helical nanotubes. The mismatch between 
extrusion velocities of different faces of a catalyst particle results in the deformation of 
carbon deposits. (Fonseca et al., 1996), (Fonseca et al., 1995), (Amelinckx et al., 1994) 
In spite of the differences between these models, it is commonly accepted that hydrocarbon 
precursors dissociate on catalyst particles, and the formed carbon species dissolve into 
catalyst particles and recombine to form carbon filaments. This general mechanism suggests 
that the fibre diameter is dominated by the particle size of the catalyst, the carbon structure 
is determined by the crystallinity of the catalyst, and the filament shapes, such as tubular, 
helical, or wavy, are related to the surface anisotropy or composition of the catalyst. 
6.3.2 Interpretation of temperature effects 
Generally, below room temperature, acetylene is adsorbed molecularly with its C–C axis 
parallel to the catalyst surface. (Hung & Bernasek, 1995) The thermal pyrolysis may follow 
several routes depending on the initial coverage and catalyst activity. Acetylene adsorbs 
on a clean Fe (100) surface by sp3 hybridization. At lower exposure (< 0.2 layer), C2H2 
decomposes to form CH and CCH at –20ºC. At higher exposure (> 0.2 layer), C2H2 
partially dehydrogenates to form CH, CCH and CHCH2 at the adsorption temperature of 
–173ºC. When the surface is warmed to 120ºC, a CCH2 species is formed by the 
dehydrogenation of CHCH2. (Hung & Bernasek, 1995) This means that acetylene 
adsorption on Fe is a self-initiative process and the activation energy of C2H2 
decomposition is fairly low. However, at high temperature, C2H2 adsorption will result in 
a rather low coverage on catalyst. 
In the kinetic study of the growth of CNTs on γ-Fe metal from acetylene, the activation 
energy was deduced, from an Arrhenius plot, to be 142 kJ/mol. (Baker, 1989) This value is 
close to the activation energy for carbon diffusion in bulk metal, 148 kJ/mol. (Smithells, 
1992) This suggests that the bulk diffusion of carbon would be the rate-limiting step. (Lee et 
al., 2003) Since the solubility of carbon in a metal is also temperature dependent, 
temperature elevation will accumulate the dissolution as well as the diffusion of carbon in 
the catalyst particles. Therefore, an enhanced deposition rate of carbon is to be expected. 
Unfortunately, the experimental results do not coincide with the above prediction. There 
must have been other factors affected by temperature. These factors include hydrocarbon 
adsorption on the catalyst, catalyst deactivation, and gas phase reactions of hydrocarbon. 
Since adsorption, pyrolysis of C2H2, and precipitation of carbon are all exothermic processes, 
(Bell & Shustorovich, 1990) the increase of temperature shifts the reaction equilibrium to the 
precursor side and results in less total conversion. 
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The optimum temperature for both the selectivity and the deposition rate of CNCs is around 
700ºC under the given experimental conditions. Noting that the eutectic point where 
austenite, ferrite and cementite coexist in the Fe–C phase diagram is at 723ºC, phase changes 
accompanying transportation and precipitation of carbon is postulated to be a key in carbon 
fibre formation. (Qin, 1997) 
6.3.3 Mechanism involving gas reaction 
When hydrogen was used as the dilution gas in the pyrolysis of methane in an inductively 
coupled plasma reactor, CNFs were produced. However, replacing hydrogen with argon 
favours the production of MWCNTs. (Delzeit et al., 2002) Atomic hydrogen as well as 
hydrogen molecule acts as a terminator of dangling bonds on the edges of graphite platelets. 
Furthermore, because of the reaction of hydrogen with the carbon deposit, hydrogen is also 
believed to be helpful for avoiding the deactivation of the catalyst. 
Xu and Pacey decomposed acetylene in a flow system between 584 and 697ºC under 
pressures between 27 and 127 Torr. An induction period for the formation of vinylacetylene 
and benzene was observed, which was considered to be crucial evidence of a free radical 
mechanism. (Xu and Pacey, 2001) Although they suggested that two C2H2 molecules were 
involved in the initial reaction, collisions between C2H2 and He are considered to be the 
main happening in our system because of the high addition of a large amount of He gas. 
7. Synthesis of multi-walled CNC (MWCNC) 
In this section, the experimental result that thin CNC with a fibre diameter of < 50 nm was 
synthesized by CVD using Fe/Sn catalyst supported on zeolite is introduced. (Yokota et al., 
2011) TEM observation revealed that more than 90% of the CNCs obtained were multi-
walled CNCs (MWCNCs), and the remainder was columnar CNCs without a hollow 
structure. Three-dimensional images of an MWCNC with Au nanoparticles on its surface 
were reconstructed by electron tomography and confirmed that the MWCNC had a three-
dimensional helical shape. The HCNF growth condition is indicated in each of the figure 
caption. 
7.1 Experimental details 
Thin CNCs were synthesized using a catalytic CVD method and Fe/Sn catalyst supported 
on Y-type zeolite (Tosoh, HSZ-390HUA). The process of supporting metals on zeolite is as 
follows. Fe and Sn powders with a weight ratio of 3/2 were dissolved in dilute hydrochloric 
acid solution and mixed with the zeolite powder in the solution. The total weight of Fe and 
Sn in the solution was 5 wt%. The mixed solution was then sonicated for 10 min and dried at 
110ºC for 20 h. A 10 mg quantity of the zeolite with Fe/Sn catalyst on a quartz boat was 
placed in a quartz reactor tube. The tube was substituted with N2 (1000 ml/min) and heated 
to desired reaction temperatures (650–750ºC) for 1 h. When the reactor reached the desired 
temperature, C2H2 gas was added in the tube as a source gas for 10 min while keeping the 
N2 flow. The flow rate of C2H2 was varied between 50 and 300 ml/min. 
7.2 SEM and TEM observation of MWCNCs 
Figure 24 shows SEM micrographs of zeolite with carbon fibres synthesized by CVD at 
700ºC. The flow rates of C2H2 were (a) 50 ml/min and (b) 150 ml/min, respectively. The 
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CNC fibre diameters obtained by C2H2 flow rates of 50 ml/min and 150 ml/min were 
measured to be ≈20 and ≈30 nm, respectively. It seems that the fibre diameter thickened 
with increasing C2H2 flow rate. The fibre cross-section of thin CNCs is round without angles 
and differs from that of previously obtained CNCs synthesized by Fe microparticles with Sn 
solution, which had a reported fibre diameter of at least 120 nm. (Zhang et al., 2000), (Yokota 
et al., 2010) Fe/Sn catalyst nanoparticles were formed on zeolite which has a mesoporous 
structure with pore size of 0.4–0.8 nm. CNCs were observed only on the zeolite surface. It 
seems reasonable that the Fe/Sn nanoparticle on zeolite synthesized the thin CNC. 
Figure 25 shows TEM micrographs of thin CNCs synthesized with 50 ml/min C2H2 flow. 
More than 90% of the thin CNCs obtained were multi-walled CNCs (MWCNCs). The 
striped pattern of the multiple layers and the hollow structure were observed clearly. 
Bamboo-like CNCs having a graphitic layer in the hollow and MWCNCs containing a 
nanoparticle in the hollow were observed. The particle encapsulated in an MWCNC was 
confirmed to be an Fe nanoparticle without Sn using an EDX spectroscope equipped with a 
TEM. Columnar CNCs that did not have hollows but having diameters almost the same as 
that of the MWCNCs were also observed. The number of MWCNCs, bamboo-like 
MWCNCs, nanoparticle-containing MWCNCs and columnar CNCs were 21, 2, 3 and 3 
respectively in the sample. In addition, the coil diameter of columnar CNCs was smaller 
than that of the MWCNCs, indicating that the form of columnar CNCs resembles that of 
CNTw. (Hosokawa et al., 2008), (Yokota et al., 2010), (Takikawa et al., 2000) To our 
knowledge, the columnar CNCs have not been previously reported though there are reports 
of MWCNCs. (Kanada et al., 2008), (Lu et al., 2004), (Yang et al., 2003) 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24. SEM micrographs of thin CNCs synthesized by Fe/Sn catalyst supported on zeolite 
at 700ºC. C2H2 flow rates were (a) 50 and (b) 150 ml/min. 
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Fig. 25. TEM micrographs of thin CNCs. (a) A MWCNC with hollow and graphitic layer 
structures. (b) Bamboo-like CNC. (c) CNC containing an Fe nanoparticle in the tube. (d) 
Columnar CNC. The columnar CNC included concentric graphitic layers with spacing of 
≈0.34 nm. (Yokota et al., 2011) 
The fibre and coil diameters of thin CNCs were measured from the TEM micrographs. 
The coil diameter is determined as the outer diameter of the CNC. The number of 
samples analysed was 29, and coil diameters could be measured for 23 of the 29 CNCs. 
The average fibre and coil diameters of thin CNCs were 15±5 nm and 50±20 nm, 
respectively. 
Kanada et al. reported that the fibre diameters of MWCNCs were less than 25 nm and the 
coil diameter was 54±20 nm. (Kanada et al., 2008) These dimensions are similar to our 
results. The number of graphitic layers of MWCNCs and coil pitches were evaluated to be 
10–30 and 25–200 nm, respectively. The fibre and coil diameters of the thin CNCs in this 
study were as small as 1/10 those for previously obtained CNCs. (Yokota et al., 2010) Note 
that the structures of CNCs changed from an amorphous structure to a multi-walled 
graphitic layer as the CNC diameter became small. It was reported that most thin CNCs 
with fibre diameter less than 50 nm had graphite structure. (Kanada et al., 2008), (Lu et al., 
2004), (Yang et al., 2003) When the fibre diameter of CNF became small, the fibre formed the 
multi-walled structure. The change of CNC structure appeared similarly in the reduction of 
CNF diameter. The structure change from amorphous to graphitic implies the enhancement 
of the electrical characteristics of CNCs. It was reported that the electrical resistivity of 
“graphitic” CNF (≈10−6 m) (Melechko et al., 2005) was lower than that of “amorphous” 
carbon micro coil (≈10−4 m). (Kajihara et al., 2005) 
(a) (b)
(c) (d)
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As the flow rate increased, the amount of carbon deposit, which does not include the mass 
of metals and zeolite, increased and the fibre became thick, as shown in Figure 24. When the 
acetylene flow rate and reaction time were 50 ml/min and 10 min, respectively, the amount 
of carbon in an acetylene molecule was about 0.5 g. The weight of carbon deposits was 
about 1–2 mg, and about 0.2–0.4% of carbon was deposited from acetylene. The temperature 
was varied from 650ºC to 750ºC while keeping the C2H2 flow rate at 50 ml/min. The carbon 
deposit was highest (2 mg) at 650ºC and gradually decreased with temperature. However, 
most of the deposit was CNFs, and CNCs could not be found at 650ºC. CNCs were observed 
at temperatures of at least 700ºC. The coil pitch of CNCs grown at 750ºC was longer than 
that of CNCs grown at 700ºC. These results suggest that the C2H2 flow rate influences not 
only the yield of MWCNCs in the carbon deposit but also the fibre diameter and CNC 
structure. 
7.3 3D-TEM analysis of the MWCNC structure and future subject 
Electron tomography of the MWCNC was performed using a TEM tomography system. 
Reconstruction of 3D image for the MWCNC has been hardly done because there is almost 
no “marker” on the surface to recognize the rotation of an MWCNC. In this analysis, Au 
nanoparticles were deposited on MWCNCs by ion sputtering. This helped us recognize the 
rotation when the tilt angle was changed. 
Figure 26(a) shows a TEM micrograph of an MWCNC with Au nanoparticles. The diameters 
of Au nanoparticles ranged 1–10 nm. This suggests that MWCNCs are applicable as a 
support material of nanoparticles. Figure 26(b) shows a reconstructed 3D image of an 
MWCNC with Au nanoparticles. From the 3D image, it is confirmed clearly that the 
MWCNC had a helical shape with a left-hand helix. 
Problems still remain in raising the ratio of the MWCNCs to CNTs from 10%. A possible 
explanation for this experimental observation with SEM is that Fe and Sn nanoparticles were 
independently supported on different pores of a zeolite. In TEM observation, most 
MWCNCs did not contain catalyst particles on the end or inside the tube; the catalyst 
particles inside the tube that we could find contained less than 0.1 wt% Sn. 
 
 
Fig. 26. Electron tomography of an MWCNC. (a) TEM micrograph of the MWCNC coated 
with Au nanoparticles. (b) Volume rendering image of the reconstructed MWCNC 3D image 
of (a). These images show that the MWCNC had a helical shape with a left-hand helix. 
(a) (b)
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8. Application 
In this section, we introduce an application of HCNF to field emission device. CNTw is used 
as an electron emitter and mixed with a binder and printed on Si substrate. We have shown 
that dielectric barrier discharge treatment made CNTws stand up. The field emission 
property was enhanced by the upright CNTws. (Hosokawa et al., 2008) The detail of 
experimental conditions is indicated in each of the figure caption. 
8.1 Fabrication of CNTw field emitter 
CNTw was synthesized by catalytic CVD. (Katsumata et al., 2004), (Hosokawa et al., 2007) 
The CNTws grown were mixed with an organic binder composed of ethyl cellulose in a 
mortar and the CNTw paste was made. The mixture ratio by weight of CNTw and binder 
was 7/93. The CNTw paste was screen-printed on a Si substrate measuring 5mm×40mm, 
and a dot pattern of CNTw film (dot size = 100 μm × 100 μm, spacing =100 μm) was formed. 
The CNTw film was calcined in an electric furnace at 120ºC for 2 h or 400ºC for 1 h. (Lee et 
al., 2006) The film thickness after the calcination was 3 μm. To measure the field emission 
property, Zn : ZnO phosphor was used as an anode, and the anode area, gap distance and 
pressure were 0.1 cm2 (3.6 mm), 100 mm and 10−4 Pa, respectively. 
8.2 Stand-up treatment 
The CNTw emitter was treated by a dielectric barrier discharge (DBD) apparatus as shown in 
Figure 27. A quartz plate was glued on both electrode surfaces and DBD was generated 
between the plates (Xu, 2001). In He gas, the glow discharge was uniformly generated (‘glow 
mode’), whereas DBD was seen in N2 (‘filament mode’). In this study, both modes were 
applied to the CNTw emitter. The emitter was placed on the grounded electrode and treated 
by generating a discharge on the substrate surface (Figure 28). The following treatment 
conditions were commonly used: the gap distance (distance from the emitter surface to the 
upper electrode) = 1 mm, discharge frequency = 30 kHz, pulse duration = 2.0 μs and gas flow 
rate = 2000 ml/min. For ‘glow mode,’ He gas was used, and an electric field of 4.4 kV/mm 
was applied for 30 s. On the other hand, N2 gas was used and an electric field of 6.8 kV/mm 
was applied for ‘filament mode.’ The treatment time was varied from 0 to 180 s. The filaments 
between the electrodes move randomly while the discharge is sustained. Therefore, it is 
possible to treat the whole area of the substrate uniformly if the size of the substrate is smaller 
than that of the dielectric plate. 
 
 
 
Fig. 27. Schematic of dielectric barrier discharge (DBD) apparatus. (Hosokawa et al., 2008) 
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Fig. 28. Photographs of stand-up treatment by (a) ‘glow mode’ and (b) ‘filament mode.’ 
(Hosokawa et al., 2008) 
8.3 Making CNTws stand up 
Figure 29 shows an SEM micrograph of the emitter treated by ‘glow mode.’ The surface does 
not seem changed by ‘glow mode’ treatment, and CNTws remain tangled and heaped on 
the substrate. On the other hand, by ‘filament mode’ treatment, the CNTws were made to 
stand vertically from the substrate, as shown in Figure 30. For a treatment time ≥ 30 s, 
flocculated CNTws are not seen any more, and it is confirmed that 3–5 CNTws are upright 
at 5 μm intervals on the emitter treated for 30 and 60 s. Their length from the substrate 
surface became shorter due to etching as the treatment time increased. The great difference 
in the treatment results between the ‘glow’ and ‘filament’ modes is clearly shown in Figures 
29 and 30. To explain this, the orientation forces applied to CNTws in each mode are 
illustrated in Figure 31. The electric field is almost uniform in the vertical direction from the 
substrate in the ‘glow mode’ (Figure 31(a)) and Coulomb force: 
 F = qE, (3) 
where q is the electric charge on CNTws; E the electric field only acts on CNTws. On the 
other hand, in the ‘filament mode,’ a non-uniform electric field is generated between the 
electrodes, and not only the Coulomb force but also the gradient force  
 2
1
2
m
m
F grad E
 
    
, (4) 
where ε is the permittivity of CNTw; ρm the density of CNTw acts on CNTws in the 
direction in which the electric field strength is increasing. (Stratton, 1941) The gradient force 
in the ‘filament mode’ is larger than the Coulomb force since the gradient force is 
proportional to the gradient of the product of permittivity and electric field squared. 
Consequently, CNTws could be raised by the gradient force in the ‘filament mode.’ 
 
 
Fig. 29. SEM micrograph of the emitter treated by ‘glow mode.’ (Hosokawa et al., 2008) 
(a) (b)
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Fig. 30. SEM micrographs of the emitter treated by ‘filament mode’ at different treatment 
times. (Hosokawa et al., 2008) 
 
 
Fig. 31. Schematic illustrations of orientation force on CNTw: (a) uniform electric field in 
‘glow mode,’ (b) non-uniform electric field in ‘filament mode.’ (Hosokawa et al., 2008) 
8.4 Field emission property 
Figure 32 shows the field emission properties of the CNTw emitter treated by the ‘filament 
mode’ and emission pattern at a maximum current. Before the treatment, a spark easily 
occurred at a low electric field. The treatment made the field emission current higher. The 
field emission properties of the emitter at different treatment times are listed in Table 2. 
With emitter treatment for 10 s, the emission site is not uniformly distributed as shown in  
Figure 32. By the 30 s treatment, the emission is not concentrated but uniformly spread and 
the field emission properties are greatly enhanced. The ratio of the emitting area of the 
sample treated for 30 s to the phosphor surface reached 57% though that of the untreated 
sample was 2% only. As shown in Table 2, the length of CNTws was also gradually 
decreased and the distribution of CNTw length was narrowed due to etching with an 
increase in treatment time. This indicates that the treatment by ‘filament mode’ serves to 
flatten the emitter tips as well as make them stand up. However, the number of CNTws by 
the 60 s treatment was decreased and it made the field emission virtually impossible. Field 
emission did not occur from the 180 s treated emitter because mostly CNTws were removed. 
Also, we tried to treat the emitters composed of conductive/nonconductive whiskers and 
CNTs by the ‘filament mode’ and confirmed that the conductive whiskers were made to 
stand up. The CNTs were easily removed just after the ignition of DBD. A possible 
explanation for this is that the diameter of CNTs used was much thinner (~10 nm) than that 
of CNTws. Therefore, this stand-up treatment by DBD would be suitable for thick CNFs. 
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Fig. 32. Field emission property of the CNTw emitter treated by ‘filament mode’ at different 
treatment times. Inset photos show the emission pattern from each CNTw emitter. 
(Hosokawa et al., 2008) 
 
Treatment 
time (s) 
Threshold electric field for field 
emission current = 1 μA (V/μm) 
Maximum current 
density (mA/cm2) 
CNTw length 
(μm) 
0 1.5 0.037 (at 160 V) 5—10 
10 5.2 0.098 (at 580 V) 5—10 
30 4.6 0.433 (at 800 V) 3.6—5.4 
60 7.0 0.105 (at 960 V) 1—3 
180 Not measured 0.003 (at 1000 V) 0 
Table 2. Field emission property of the CNTw emitter at different treatment times. As for the 
untreated CNTws, we measured the length of powdery CNTws before fabricating the 
emitter. (Hosokawa et al., 2008) 
9. Conclusion 
We have shown that HCNFs are grown by CVD and that their dimension and types can be 
controlled by binary catalysts and CVD conditions. There are many possible HCNF 
applications to a wide area of nanoelectronics and nanomechanics industries. An example of 
HCNF application as an electron field emitter was introduced in this chapter. We have been 
trying to apply HCNF as a catalyst support in fuel cell and such a new application case is 
expected to appear. 
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